Purpose: Single-scan two-dimensional MRI has been generally constrained to acquisitions in high quality magnets. This study introduces a methodology, cross-term spatiotemporal encoding (xSPEN), that delivers such images under much poorer external field conditions. Methods: xSPEN departs from conventional k-space scanning, by relying on spatiotemporally encoding the image being sought. Unlike hitherto proposed SPEN methods, however, xSPEN's image readout does not take place using a field gradient along the direction being probed, but rather with the aid of an ancillary source of inhomogeneous frequency broadening. This ancillary dimension was here imposed by an orthogonal field gradient; for example, images along the "y" axis were read out by application of a "z" gradient. The principles and characteristics of this new approach, compatible with existing scanners and free from the need to collect auxiliary information such as field maps, are presented and discussed. Results: Single-and multi-slice in vitro, ex vivo, and in vivo MRI experiments, confirmed the unusual resilience of this new single-shot MRI method to multiple chemical sites on phantoms, animals and humans. Conclusion: xSPEN can deliver single-scan MRI with good sensitivity and exceptional resilience to field inhomogeneities. This could enable investigations that have hitherto escaped from MRI's scope. Magn Reson Med 77:623-634,
INTRODUCTION
MRI retrieves multidimensional spin density distributions q(r) by acquiring free induction decays (FIDs) under the action of linear field gradients G ¼ (G x , G y , G z ) (1) . Gradients drive the spin evolution in a reciprocal space kðtÞ ¼ g R t 0 Gðt 0 Þt 0 , and the ensuing signal SðkÞ ¼ R volume rðrÞexpðik Á rÞdr delivers the images sought by means of Fourier transformation (FT). Central to MRI is Mansfield's echo-planar imaging (EPI) proposition (2), a single-shot approach relying on oscillating gradients to rapidly scan the k-space (3, 4) . EPI has important applications including functional MRI, diffusion-weighted studies, and tractography (5) (6) (7) (8) . During recent years, an alternative ultrafast method has emerged, based on the spatiotemporal encoding (SPEN) of the spin interactions (9) . SPEN provides similar acquisition durations, sensitivity, and resolution as EPI, but with an enhanced immunity to B 0 inhomogeneities and susceptibility effects, particularly when implemented under fully refocused conditions (10) (11) (12) (13) . Still, instances will arise where SPEN's immunity is insufficient to deliver meaningful data. This study introduces an alternative modality that we denominate cross-term spatiotemporal encoding, xSPEN for short, with good sensitivity and remarkable resilience to field inhomogeneities. Figure 1 illustrates xSPEN's potential with experiments conducted under progressively degraded field homogeneity conditions. Compared in this figure are spin-echo (SE) multiscan acquisitions acting as "goldstandard," against single-shot 2D images collected using SE-EPI, SPEN and the new xSPEN sequence. Notice that, while degrading the external magnetic field homogeneity rapidly distorts the SE-EPI and eventually also the SPEN images, xSPEN scans remain impervious to these field distortions. Moreover, other than for a FT along the readout dimension and a magnitude calculation of the ensuing matrix, no special processing, field-mapping, or navigator scans are associated with the retrieval of these images. xSPEN's principles and characteristics are hereby presented, together with single-and multi-slice in vitro, ex vivo, and in vivo animal and human MRI demonstrations.
METHODS

xSPEN 2D MRI in One and in Multiple Dimensions
As starting point for this discussion, Figure 2a reviews the basis of SPEN MRI. In its 1D implementation this sequence applies a field gradient spreading out resonance frequencies along an axis r, together with a frequency-incremented, excitation or inversion, radiofrequency (RF) pulse (14, 15) . Assuming for concreteness the application of a linearly swept inversion, of duration T p acting in the presence of an encoding gradient G enc and targeting a field-of-view (FOV), the result will be a parabolic spatial dependence of the spins' phases (9,10) f enc ðrÞ ¼ À gG enc T p FOV r 2 þ const; [1] where for simplicity we have neglected chemical-or susceptibility-derived offsets. Given this dependence and for the usual cG enc T p ÁFOV > > 1 condition, the dominant contribution to the observable signal will arise from spins positioned around r 5 0: for all remaining positions the rapidly varying phase will lead to destructive interferences among neighbors, nulling their responses. SPEN images are thus read out following the application of a suitable prephasing gradient of area k pre that shifts this stationary point to one end of the FOV, and under the action of an acquisition gradient G acq imparting its own kðtÞ ¼ g
G acq ðt 0 Þ dt 0 evolution. Assuming for simplicity a constant G acq , the resulting FID S(t) will then arise from r 0 positions fulfilling the stationary phase condition: The modulus of signals collected over an acquisition time 0 t T a (T a ¼ 2G enc T p /G acq ), will thus be proportional to q(r 0 ). Figure 2a illustrates this image acquisition process, whereby G acq displaces the sensitive point of the parabola represented by Eq. [1] , indicated by a red dot, over the full FOV. Numerous studies have examined the relative merits of this methodology (9) (10) (11) (12) (13) 16) ; within the context of this study we remark (i) the potential to extend SPEN to single-shot 2D MRI using a "hybrid" approach, whereby an orthogonal axis is encoded by the action of a second, oscillating readout gradient; (ii) the robustness that the ensuing techniques exhibit to field inhomogeneities, susceptibility effects and chemically derived frequency offsets vis-a-vis EPI; (iii) the FIG. 1. Ex vivo rat brain 1D NMR and 2D imaging results, collected for different sequences under increasingly degraded magnet field homogeneity conditions. a: 1D spectrum and images acquired using multiscan SE, SE-EPI, SPEN and xSPEN sequences in a uniform magnetic field where the water resonance is characterized by a 30 Hz full width at half maximum. b-d: Idem but acquired in magnetic fields that were deliberately deteriorated by arbitrary deshimming, as evidenced by the increasing 1D NMR half-height line widths mentioned on the left-hand column. Notice the progressive distortions introduced by the field inhomogeneity in all the single-shot images but the xSPEN one, as judged by the dotted squares added for ease of viewing. Common scan parameters: FOV ¼ 40 Â 40 mm 2 ; slice thickness ¼ 4 mm; matrix size ¼ 64 Â 64; acquisition bandwidth ¼ 250 kHz; slice selection pulse gradient ¼ 1.71 G/cm (kept constant for all sequences and conditions). Repetition time TR ¼ 2 s for the multiscan SE and SE-EPI sequences; TR ¼ 60 ms for the SPEN and xSPEN sequences. The 1D peaks in the point-resolved (PRESS) NMR spectra were collected on the same FOVs as the 2D images. The acquisition time of the EPI scan does not reflect the need for an ancillary navigator scan, which is not needed/used by SPEN or xSPEN experiments. Additional parameters: sweep bandwidth ¼ 13.6 kHz and sweep duration ¼ 11.01 ms for SPEN; sweep bandwidth ¼ 5.8 kHz and sweep duration ¼11.01 ms for xSPEN. The SPEN images were collected using a fully refocused multislice version based on 180˚swept pulses; the xSPEN sequence (Fig. 3c ) used a constant G z gradient ¼ 1.71 G/cm and an encoding G y gradient ¼ 0.17 G/cm.
FIG. 2.
Spatiotemporal encoding approaches. a: SPEN imaging approach, imparting a parabolic phase on spins along an axis r by applying a linearly swept inversion pulse under the action of an r-axis gradient; during the acquisition, the stationary point (which in this 2D case will actually be a line) moves along the r axis driven by G acq (r). b: Ultrafast 2D NMR spectroscopy, where N discrete frequencies to be read are spatially encoded by means of frequency-swept inversion pulses acting under the action of a bipolar gradient. This leads to magnetizations wound by phase terms {CX i r} i¼1..N , whose frequencies can be read out as site-specific echoes emerging upon applying a continuous G acq (r). c: xSPEN MRI approach, where an ultrafast-like sequence involving two swept pulses in the presence of a bipolar gradient G enc (r 1 ), are used to encode positions thanks to the action of a second gradient G enc (r 2 ). This dual-axis encoding leads to a hyperbolic phase profile in the (r 1 ,r 2 )-plane possessing, like SPEN, a stationary point (red dot). During the data acquisition process, the position of this stationary point can be shifted along the r 2 axis by the application of an r 1 -axis gradient (c, option I) or along r 1 by the action of an r 2 -axis gradient (c, option II). Other scanning options could also be envisioned (c, option III).
additional robustness arising when SPEN is performed in a "full refocusing" mode, whereby inhomogeneities/ shifts are refocused throughout the acquisition process instead of solely at a single spin-echo time (17) (18) (19) ; and (iv) the spatial resolution Dr % @ 2 f enc @r 2 of the method, which is related to the curvature of the parabola in Eq. [1] and which can be improved with the help of super-resolution algorithms (20, 21) .
Whereas EPI and SPEN are options for collecting single-shot images, there is a third, general approach to obtain arbitrary kinds of 2D NMR correlations. This is the so-called "ultrafast" approach to 2D NMR spectroscopy (22, 23) whose aim is to impose, in a single shot, the kind of phase evolution that conventional 2D NMR imparts in a time-incremented, multiscan manner. Of the avenues proposed for implementing ultrafast 2D NMR, we focus on the constant-time approach in Figure 2b , involving an initial spin excitation followed by two frequency-swept inversion pulses acting in unison with a pair of bipolar gradients. As explained elsewhere (10, 22, 24) , these manipulations remove the quadratic phase introduced in Eq. [1] , and retain solely a bilinear phase encoding proportional to both the chemical shifts V i of the targeted sites as well as to their positions r: / enc ¼ CV i r þ / 0 , with C a spatiotemporal constant under control (for this case C 5 4T p /FOV), and / 0 a position-independent phase. Having imposed such encoding, the application of G acq leads to the generation of site-specific gradient echoes whenever k(t) 5 2CV i , enabling the acquisition of arbitrary nD NMR correlations in a single scan.
This spectroscopic-oriented idea could see hitherto untapped extensions into imaging, if the frequencies being encoded would arise from the action of a gradient instead of from discrete chemical shifts; that is, if X were to reflect a position along an axis r 2 (different from the one that is used for imposing the NMR spatiotemporal encoding, which we shall denote r 1 ) instead of a discrete set of {X i } shifts. Figure 2c illustrates this scenario, for which the encoding considerations will be akin to those just described for the spectroscopic case: / enc (r 1 ,r 2 ) ¼ C 0 r 1 r 2 1 / 0 , where C 0 is also a spatiotemporal constant. The r 1 r 2 -dependence in / enc differs from the quadratic or linear spatial dependencies deriving from Figures 2a or 2b, as it involves a product of spatial variables (25) . We refer to this as a cross-term spatiotemporal encoding, "xSPEN" for short. This encoded phase profile is distinct in that it is hyperbolic rather than linear or parabolic, even if like its SPEN imaging counterpart it also possesses a stationary point (indicated in Figure 2c by a red dot) for which
Also as in the SPEN MRI case this stationary point can be displaced by the action of an acquisition gradient, to rasterize the q(r) sample profile. The symmetry of the encoding vis-a-vis two spatial axes, provides different acquisition alternatives. One possibility is to apply G acq along r 1 (Figure 2c , option I); this would reveal the "V" spectrum, that is, the image along the r 2 axis, within a projection along r 1 that depends on the width subtended along this axis by the hyperbolic phase. This image formation process can be justified by the fact that the application of an r 1 -axis gradient will lead to an observable signal only when the t. By the same arguments, activating G acq along r 2 (option II module in Figure 2c ) leads to the SPEN-based acquisition of an image along the r 1 axis. Finally, simultaneous activation of G acq ðr 1 Þ and G acq ðr 2 Þ would lead to a rasterization along a "path" in the (r 1 ,r 2 ) plane (Figure 2c , option III).
Out of these xSPEN acquisition alternatives, the one highlighted in red on the center-right module of Figure  2c , option II, is intriguing. According to this scheme, it is possible to retrieve an image q(r 1 ) by performing a cross-term SPEN encoding, followed by a readout executed by an orthogonally placed gradient G 2 . As G 2 is also part of the encoding process, this suggests that it is in principle feasible to perform this q(r 1 ) image acquisition, using an orthogonal gradient that has been left on continuously. If performed as depicted in Figure 2c such imaging sequence would have a few practical shortcomings, including a rasterization that starts at r 1 ¼ 0. Figure 3a presents a refined version of this approach, including a free evolution delay (T a 1p 1 )/2 that shifts the hyperbola to the beginning of the targeted FOV while refocusing the effects of the slice-selective pulse. Notice that these actions are implemented by the same, orthogonal encoding/acquisition gradient, which remains active throughout the course of the scan. Figure  3b illustrates the kind of rasterized image that the ensuing sequence will yield for an arbitrary 1D profile. While further details on this method are presented below, this numerical simulation evidences the method's ability to deliver images.
Given G 2 's role as an ancillary gradient whose aim is to help encode and decode positions along r 1 , its nature is very different from that of conventional MRI acquisition gradients. Its strength can, within the constraints of the swept-pulse approximations and assumptions, be variable; in practice it will be chosen small, so that the "tightness" of the hyperbola's stationary point along r 2 will exceed the width of the slice selection. Choosing a weak G 2 will also help minimize diffusion losses, and lower the RF's specific-absorption-rate (SAR) requirements. Notice that the gradient's physical geometry-its orientation, linearity, or uniaxial purity-are secondary to the physics of the image formation process. Indeed, if instead of a linear 1D gradient G 2 causing a spreading of the resonance frequencies over a range Dv 5 cG 2 FOV 2 , one would deal with a different kind of frequency broadening, for instance, originating from a complex spatial dependence like that associated to B 0 field heterogeneities, or even from an intrinsic orientation-dependent NMR anisotropy as further described in Supporting Information 1 (available online), the acquisition principles summarized in Figures 3a and 3b , would not change. What would change is the nature of the method's point spread function (PSF) and details of the sliceselection process, but not the principles of xSPEN's encoding and decoding of the q(r 1 ) spatial profile. What xSPEN requires for its operation, is a source of inhomogeneous line broadening serving as tool to encode and decode the imaging data. From these considerations, it follows that if instead of involving an ideal field gradient, the frequency-dispersing mechanism were to involve a gradient superimposed on other sources affecting the spins' rates of precession, for instance dispersions over multiple chemical shifts, substantial susceptibility effects or 3D field-derived broadenings, the appearance of the xSPEN image would not be significantly altered. Indeed, in such cases spins in different voxels would be excited and inverted by the pulses at times and positions that do not correspond to their ideal expectation; but these errors would cancel out with miss-timings in the formation of the spatial "r 2 -echo", so that during q's acquisition all r 1 -values would appear reinstated back to their ideal locations. Figure 3c illustrates how the 1D xSPEN approach just described, can be extended to perform single-scan 2D MRI acquisitions. This 2D sequence incorporates an oscillating readout gradient sampling the k-space of one of the axes, and a constant gradient (previously called r 2 , which we now associate to G z ) for both slice selection and for imaging the second domain (r 1 , now assigned to the y-axis). For completion, Figure 3d illustrates how these oscillating and constant gradients transverse the resulting "hybrid" (k ro ,y) space. All that such sequence needs, and what was implemented in this study, to transform S(t) into the xSPEN images, is to splice the resulting FID string into 6G ro -sampled segments, position these in their correct 2D space coordinates, subject these rearranged arrays to a 1D FT versus k ro , and display in magnitude-mode the resulting matrix. In fact, numerous single-and multi-scan versions of the xSPEN approach just presented can be conceived; Supporting Information 2 summarizes some of the additional single-shot xSPEN variants we have written and tested, together with a discussion on their relative features and merits.
xSPEN's Point Spread Function
To better understand xSPEN's resilience to field heterogeneities and chemical shifts, one can explicitly include these in the signal acquisition and image formation process. Consider for this, without loss of generality, the pulse sequence in Figure 3a , where 1D xSPEN is used to image an object along its y-axis with the aid of a constant gradient G z . The sequence begins with a z-axis slice selection (assumed centered at zero, i.e., O slice ¼ 0) that is thin enough to disregard the z-dependence of the y-axis features; that is, our search is simply for q(y). Due to the narrowness of this slice, we shall also take a first order approximation of the field inhomogeneity along z, and expand the (unknown) frequency distribution induced by spatially dependent field heterogeneities and/or chemical shifts as dx(y,z) ¼ dx(y) þ cg(y)z, where dx(y) is a y-dependent frequency which may include a constant term arising from chemical shifts, c is the gyromagnetic ratio, and g(y) is a y-dependent gradient factor (this analysis remains virtually unchanged if an additional x-dependence is added to dx(y,z), vide infra). The two swept pulses acting in the presence of the alternating 6G y gradients and of the constant gradient G z will affect spins at a timing that now depends also on dx(y,z); it can be shown that this yields an evolution phase f enc ðy; zÞ ¼ ÀCy Á ½gG z z þ dvðyÞ þ ggðyÞz [3] where C ¼ 4TpgGy 2pBW is here defined using the chirp bandwidth BW of the pulses rather than the sample's length as in previous expressions, given that these sweeps will now happen along tilted axes fulfilling BW 5 (cG y FOV y þ cG z L z )/2p. In this expression FOV y will be the targeted imaging region, and L z the slice's nominal thickness without the influence of field inhomogeneities. Adding a prewinding gradient k pre in-between the two swept pulses and incorporating a p 1 /2 duration to cancel the dephasing from the slice-selective pulse plus a T a /2 delay to suitably display the FOV y to be rasterized, leads to a signal that as a function of the acquisition time t can be written as ; where dz(y) ¼ dx(y)/(cG z ) is the throughplane displacement caused by the field inhomogeneities along the y axis, e(y) 
demonstrating that the G z -driven k(t) wavenumber will unravel the y-axis image. Notice that according to this expression xSPEN's image unraveling is oblivious to the presence of inhomogeneities; even the spatiotemporal encoding coefficient C 0 remains unchanged. Moreover, since the sinc's y-dependence remains unchanged, the conditions required for scanning a targeted FOV y with a desired definition, are identical for homogeneous and inhomogeneous cases. The inhomogeneities solely contribute to an e(y)-dependence, reflecting the fact that through-plane inhomogeneities will vary the thickness of the excited slices, and, therefore, they may affect the intensity of the scanned y-image. e could also include potential y-independent terms arising from chemical shifts, which will in this case shift homogeneously the position of the slice selection. Identical effects, however, would arise and affect the slice-selection process in either EPI or conventional multiscan imaging; this in turn explains the similar distortions affecting the multishot and the xSPEN images, for example, in Figure 1 . Hence, the remarkable insensitivity of single-shot xSPEN imaging to static field distortions and chemical shift offsets.
These 1D xSPEN arguments can be extended to singlescan 2D xSPEN experiments as shown in Figure 3c . This requires adding a fast-readout dimension along the x axis, as well as accounting for potential inhomogeneities in the (x,y)-plane. It can be shown that in such cases the received signal S(k x ,k(t)) becomes:
where we have once again neglected relaxation and diffusion. Here q(x,y) is the 2D profile being sought, and the sole distortion stems from an e(x,y) ¼ g(x,y)/G z term associated to the slice-selection process, and describing a frequency distribution that to a first-order expansion along the z axis is dx(x,y,z) ¼ dx(x,y) þ cg(x,y)z. It follows that apart from this slice-related effect and for potential distortions along the readout axis, Fourier transforming this set against k x and proceeding with a magnitude calculation, will once again deliver an ideal-like q(x,y) 2D image.
Sampling, Resolution, FOV, and SNR Considerations
xSPEN's imaging characteristics under idealized conditions-in the absence of field inhomogeneities, chemical shifts, or relaxation effects-can be derived from the spin evolution arising from the sequence in Figure 3a .
Following similar definitions as those used in the derivation of SPEN MRI (10, 18, 19) , Eq. [6] predicts that the signal collected as a function of an acquisition time 0 t T a will be the convolution of the q(y) image being sought, with a sinc function displacing throughout the acquisition and highlighting at each moment y-coordinates fulfilling
This increment in the sinc's maximum position, illustrated by the propagating colored functions in Figure 2c , is analogous to the increment of SPEN's stationary phase point with time. As xSPEN's imaging PSF is given by a sinc function, the ensuing spatial resolution can be defined by a function's half-height width
Notice that as in other forms of SPEN, resolution in xSPEN will improve by increasing the duration of the T p frequency-swept encoding pulses, by reducing the FOV, or by enlarging the "support" L z . As for the actual FOV that this sinc function will raster along the imaged axis, this will be given by the duration over which the kwavenumber will be allowed to act; for a suitable setting one would demand FOV y ¼ jk max À k min j=C 0 ¼ gG z T a =C 0 . It is instructive to compare the SNR that, under comparable FOV y and dy conditions, are expected from xSPEN and EPI. SNR is defined as a ratio between a mean signal intensity (s mean ) and the root-mean-square of a statistically random noise n rms . Under the assumption just made the voxel sizes will be equal for both imaging modalities, and similar time-domain signals s mean will arise. The random noise will be mainly dictated by the bandwidth requirements of the readout dimension; once again, this will be similar for xSPEN and EPI experiments. FT, however, benefits a k-space method like EPI with a ffiffiffiffiffiffiffiffiffiffi ffi N Acq p enhancement (10) reflecting the multiplexing advantage associated to the sampling of N acq frequency encoding lines; this will be absent in the magnitude-mode processing illustrated here for xSPEN. This suggests that
For the parameters used in this study, this could amount to a severe penalty vis-a-vis EPI. This can actually be appreciated from the results shown in Figure  1 , where both EPI and SPEN have better SNR than xSPEN under homogeneous field conditions (measured as 96, 95, and 42 for representative brain and noise regions, respectively). As soon as inhomogeneities and nonidealities take over, however, xSPEN's intravoxel refocusing helps to overcome this SNR penalty. It is also worth remarking that while initial SPEN implementations also suffered from a similar ffiffiffiffiffiffiffiffiffiffi ffi N Acq p reduction in SNR compared with Fourier imaging, this penalty was eventually removed by the use of super-resolution algorithms (12, 26) . Similar algorithms might help the xSPEN case as well. Finally, while in principle xSPEN's SNR penalty is reminiscent to that arising in BURST MRI (27, 28) , Supporting Information 3 presents a different picture on this matter. xSPEN Multislicing xSPEN's use of a z-gradient for slice selection in combination with oblique (y,z) gradients for the sake of the encoding, brings about multislicing peculiarities. For simplicity, we review these in the absence of field inhomogeneities or shift offsets. To effectively address the spins positioned in a predefined FOV y Â L z region, the bandwidth BW of the frequency-swept pulses should satisfy BW 5 (cG y FOV y þ cG z L z )/2p. If cG y FOV y and cG z L z were equal the sweep would address spins along a diagonal band oriented at 45 in a (y 0 ,z 0 )-plane defined on the basis of normalized coordinates y 0 5y/FOV y , z 0 5z/L z ; notice that as FOV y is generally an order of magnitude larger than L z , this will describe a relatively well-defined z-slice in real space. In general, it becomes convenient to define a parameter b 5 cG y FOV y /(2pBW), describing the inclination and extent of the diagonal spatial bands addressed by the pulses. The aforementioned 45 case would then correspond to b ¼ 0.5, but in general 0 < b<1.
To understand which spatial coordinates contribute to a multislice xSPEN image, note that the relevant spins have to: (i) be excited by an initial slice selective pulse sensitive only to G z ; (ii) be subsequently inverted by the first frequency-swept pulse, acting in the presence of -G y and þG z gradients; and (iii) be subject to a second inversion process arising from an identical swept pulse, acting now under the action of þG y and þG z gradients. The relevant observable image thus arises from the intersection of these three noncoincident bands, as illustrated in Figure 4 for two different b values. Notice that spins within a slab excited by the slice-selective pulse (region bound by the parallel dotted red lines in Figure 4 ) can be separated into four regions. Spins marked by red ; slice thickness ¼ 3 mm; gap ¼ 3 mm; number of slices ¼ 6; matrix size ¼ 64 Â 64; acquisition bandwidth ¼ 250 kHz; slice selection pulse gradient ¼ 2.27 G/cm (kept identical for all sequences to preserve the slice selection characteristics). WURST-40 swept pulses (37) were used in (e) and (f); for SPEN their sweep bandwidth ¼ 13.6 kHz and sweep duration ¼ 11.01 ms; for xSPEN sweep bandwidth ¼ 5.8 kHz and sweep duration ¼ 11.01 ms. The constant G z gradient ¼ 2.27 G/cm while the encoding G y gradient ¼ 0.17 G/cm. As in subsequent figures, the indicated times correspond to the full multislice data collection of each sequence (which for SE EPI factor in the need for an ancillary navigator scan); multislicing was carried out in all cases in an interleaved manner.
polygons will undergo both p-inversions imparted by the two swept pulses; these spins will be crossspatiotemporally encoded, and contribute to the final image. There will also be regions that underwent a single p-inversion or no inversion altogether; these regions will not contribute to the observable image, despite lying on the excited slab. Finally there may be spins in "boundary regions," whose nutation angles are ill-defined. The latter may constitute a complication when pursuing a multislice strategy addressing spins at variable z's without an intervening recycle delay. Indeed, unless the swept pulses are implemented using particularly sharp bandpasses, it is altogether more practical to avoid re-exciting spins that fall along these boundary lines. Figure 4 illustrates why such choice leads in turn to a need for leaving unexcited band-gaps; this gapped procedure was adopted in our zero-delay multislice operation. Notice as well that the choice of b will define the width of these gaps: decreasing the bandwidth ratio b enhances the overlap among the diagonal regions addressed by the sweeps, enlarging the imaged slice dimension and reducing the "boundary" gaps that will be unavailable in multislice experiments.
Experimental
Phantom and animal-based acquisitions were carried out on a 7T/120 mm horizontal magnet MRI using a quadrature birdcage coil probe (Agilent Technologies, Santa Clara, CA). Animal protocols and maintenance were done in accordance with guidelines of the Institutional Committee on Animals of the Weizmann Institute of Science (IACUC protocol 10790514). Spin-echo multislice (SEMS) imaging, SE-EPI and point-resolved localized spectroscopy (PRESS) experiments, were carried out using sequences taken from the scanner's library; all EPI acquisitions required reference "navigator" scans. SPEN and xSPEN imaging experiments were run using macros fully integrated into the Agilent/Varian VNMRJ V R imaging software. These programs enable numerous options such as zooming on a FOV of interest, performing prescan gradient calibrations, arbitrary single-or multi-slicing, arraying of parameters, water/fat suppression, automatic TE and TR minimization, etc. These packages also incorporate referenceless on-the-fly reconstructions (26) , which are compatible with various postprocessing tools of the native VNMRJ environment. All these macros are available upon request. For the SPEN experiments, the multislice fully refocused sequence described in Figure  2a of Schmidt and Frydman (19) and based on a 180 swept-pulse encoding, was used.
A human volunteer with a denture was also scanned on Weizmann's 3 Tesla (T) Siemens TIM TRIO platform using a 32-channels head coil, using SE-EPI sequences taken from the scanner's library and custom-written xSPEN acquisition/real-time-processing programs. Whole head scans along three planes were compared in these experiments, which were approved by the Internal Review Board of the Wolfson Medical Center (Holon, Israel) and collected after obtaining informed, suitablewritten consent.
All parameters used for setting up the various experiments are detailed in the corresponding figures' captions. Figure 1 by targeting a phantom incorporating two features that are notoriously challenging to single-shot acquisitions: a titanium screw of the kind used in orthopedic implants, and a sample composed of several, nearly equipopulated, chemically shifted sites. Glued to the titanium screw was a Lego V R piece of characteristic shape, centered within a 30 mm diameter tube holding the sample. Figure 5b illustrates NMR spectra acquired for six slices positioned along the tube's axis. Although the three main sample resonances can be recognized in all these PRESS-selected slices, the metal-induced field distortions are also evident: line widths vary between 70 and 250 Hz, depending on position. Figures 5c-f illustrate images arising from these six slices, collected using a variety of pulse sequences. The multiscan SE data shown in Figure 5c provide nearly distortion-free reference images thanks to the large bandwidth (250 kHz) used in this experiment's readout dimension. The multisite nature of the sample prevents the acquisition of clear EPI images even in homogeneous field regions, and even less so in slices where fields are affected by the titanium screw (Fig. 5d) . These severe distortions reflect SE-EPI's low bandwidth ($2.9 kHz) along its phase encoding dimension; even the collection of blip-less "navigator" scans (34, 35) failed to provide the information needed to suppress the metal-and shift-derived artifacts.
RESULTS
Figure 5 expands the demonstration in
Fully refocused SPEN images (Fig. 5e ) present a more robust alternative, with chemical shift artifacts reflected mostly as minor stripes. Also, the spatially dependent titanium-derived artifacts are remarkably smaller than in their EPI counterparts, thanks to the $13.6 kHz acquisition bandwidth accommodated along the SPEN axis. Still, slices encompassing the titanium screw lead to distorted images. By contrast, xSPEN-derived images are, apart from sensitivity considerations dictated by their single-shot nature, virtually indistinguishable from those arising from their multiscan counterparts. This, despite of the fact that the whole xSPEN set was acquired within 360 ms (60 ms per slice, no relaxation delays within slices, no need for navigator scans or field maps) with only a 2.9 kHz effective bandwidth along the xSPEN dimension. Interestingly, even some of the minor artifacts arising in the xSPEN images mirror one-to-one similar artifacts observable in the multiscan counterparts. These distortions do not arise from chemical shift or field inhomogeneity effects along the low-or high-bandwidth dimensions, but rather from nonuniformities in the thicknesses of the slices excited by the selective pulses initiating all these sequences. The sole notable xSPENspecific artifacts are a slight coarseness and a signal decay along the y-axis, reflecting the effects of the decoherence over the course of the signal acquisition. Figure 6 further demonstrates the potential of this new kind of experiments, with in vivo single-shot mice acquisitions performed at 7T. Shimming efforts in these scans were limited to !40 Hz line widths over 4 Â 10 Â 10 mm 3 volumes. Three planes were acquired using multiscan SE as well as single-shot SE-EPI, SPEN and xSPEN sequences, including coronal and sagittal images along the length of the animal's head. When applied to the selected head region, the multiscan image acting as reference (Figure 6a, top) shows clearly the mouse's eyes, brain, and snout. Quality EPI images could only be recorded from the brain's center; other regions, particularly the eyeballs, appeared severely distorted, and somewhat distorted even in the SPEN experiments (Figs. 6b,c) . By contrast the single-scan xSPEN images are free from any evident distortions and, apart from SNR considerations, are comparable one-to-one to their multiscan counterparts. xSPEN's robustness is further evidenced in the coronal and sagittal slices, which reproduce faithfully both the eyes and ears regions. In fact, given that all these experiments were collected without an external respiratory trigger, certain motion artifacts can be noticed in the coronal and sagittal planes of the lengthier multiscan experiments along their phase-encoded dimensions, which are absent in the single-shot xSPEN scans. Additional examples of xSPEN's ability to deliver quality multislice images in challenging in vivo animal settings, are illustrated in the Supporting Information 4
Finally, Figure 7 compares xSPEN and SE-EPI head scans acquired on a human volunteer with nonferromagnetic, metallic dentures. While for clarity only three representative images are shown for each plane, full sets of axial, sagittal, and coronal images can be found in the Supporting Information 5. Analysis of these images reveals numerous differences between xSPEN and SE-EPI; most evident among these being the fact that whereas SE-EPI can generally target only the most homogeneous brain regions, xSPEN has no problems to deliver single-shot images for most of the head, regardless of whether the regions contain water or fat. The consequences of the denture are also evident in SE-EPI, which become distorted in proximity to the metallic implants and for which fat suppression becomes inefficient. Likewise, susceptibility effects are clearly visible by SE-EPI's distorted eyeballs and ears. By contrast, the xSPEN images are remarkably faithful, and affected by relatively small SNR penalties. Indeed, whereas theoretically these should amount to a ffiffiffiffiffiffiffiffiffiffi ffi N Acq p ¼ 8 factor, in reality the latter only amounts to a factor of 2 when assessing the brain's most homogeneous regions. This is likely reflecting xSPEN's compensation of the intravoxel dephasing effects that affect SE-EPI, even in these relatively uniform regions, for this dentures-implanted volunteer.
DISCUSSION AND CONCLUSIONS
The preceding Sections illustrated xSPEN's robustness to a variety of heterogeneities, including magnetic susceptibility effects, multiple chemical shifts, and global field distortions. To highlight this immunity, we focused on single-shot imaging implementations, whose phaseencoded domains are notoriously sensitive to field inhomogeneities. The xSPEN approach then evidenced fewer distortions than any single-shot counterpart; in fact, careful tests reveal that xSPEN is sometimes more resilient to inhomogeneities, and certainly to motions, than even multiscan spin-echo counterparts (see for instance xSPEN's reduced distortions evidenced by the bottom images of Figure 1 ). This could make xSPEN useful for tackling certain challenging MRI investigations including organs with substantial tissue/air interfaces, scans suffering from motional distortions, real-time cardiac, musculoskeletal, or fetal measurements, diffusion studies, scans in proximity to tools used in MR-guided surgical procedures or ultrasound ablation, organs where fat suppression can be challenging, off-isocenter MRI investigations liable to large unidimensional field distortions, ultrahigh field scanners, and solid-state MRI. In all these cases xSPEN would have to deal, like its multiscan counterparts, with the image distortions stemming from the inhomogeneities' influence on the slice-selection process; ex vivo results (not shown) indicate that established methods to treat with such distortions (36), perform very well when adapted to xSPEN. xSPEN's reliance on swept pulses also endows it with built-in "zooming" capabilities, providing a good starting point for the rapid scouting of organs in inhomogeneous regions or improving spatial resolutions. The potential of these various features, as well as extensions of xSPEN to multishot investigations and additional investigations on xSPEN's resilience to eddy current effects, will be described in upcoming publications.
Notwithstanding the benefits evidenced by xSPEN MRI, several issues remain to be solved. These include a SNR penalty, even if the experiments implemented both on animals and humans show that, when dealing with challenging environments, xSPEN's compensation of T Ã 2 decay effects greatly attenuates this handicap. xSPEN also needs to deal with certain multislicing peculiarities, including interslice "boundary regions"; these complications can be reduced by endowing swept pulses with sharper transition bands, or by suitably interleaved multislice acquisitions. An additional penalty arises from the progressive nature of the image acquisition, which due to relaxation and diffusion effects will be associated to position-dependent losses; alternatives to cope with this are being explored. Finally, practical complications may also arise from the higher SARs that result from the use of dual frequency-swept p-pulses; approaches to minimize the relevance of this problem are also under investigation.
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Additional Supporting Information may be found in the online version of this article
